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SURFACE WAVE TRANSMISSION SYSTEM 
OVER A SINGLE CONDUCTOR HAVING 
E-FIELDS TERMINATING ALONG THE 

CONDUCTOR 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

The present application is a continuation-in-part of US. 
Utility patent application Ser. No. 11/134,016, ?led May 20, 
2005, noW abandoned, Which claims the bene?t of the priority 
date of US. Provisional Patent Application Ser. Nos. 60/573, 
531, ?ied May 21, 2004, and 60/576,354, ?led Jun. 1, 2004. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not applicable. 

THE NAMES OR PARTIES TO A JOINT 
RESEARCH AGREEMENT 

Not applicable. 

INCORPORATION-BY-REFERENCE OF 
MATERIAL SUBMITTED ON A COMPACT DISC 

Not applicable. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to surface Wave 

transmission systems, and more particularly to a loW loss 
system for launching surface Waves over unconditioned lines 
such as poWer lines. 

2. Detailed Discussion of Related Art 
The original mathematical Work underlying electromag 

netic surface Wave theory Was done by MaxWell in the second 
half of the 19th century and is still used today. At the beginning 
of the 20th century, Sommerfeld and others applied Max 
Well’s equations to shoW the possibility of surface Waves on a 
conductor. In the years that folloWed, further analytical Work 
Was done at least as late as in 1941 adding more detail to the 
theory [Electromagnetic Theory, Stratton, McGraW-Hill p. 
27]. None of these theoretical treatments shoWed hoW to 
reduce the theory to practice or hoW to actually launch a 
surface Wave onto a conductor. 

In 1948, in US. Pat. No. 2,438,795, Wheeler described an 
“improved Waveguide system” related to more ef?ciently 
“translating” signals over a single conductor, such as a poWer 
line, or terminating currents ?oWing on a conductor, particu 
larly an end-fed antenna. This involved improving impedance 
matching and reducing, but not preventing, radiation from the 
line or antenna. 

In 1954, in US. Pat. No. 2,685,068 (hereinafter “Goubau 
’068”), Goubau shoWed a practical Way to launch and main 
tain a loW loss and non-radiating surface Wave on a cylindrical 
conductor. Referring to both Wheeler and Sommerfeld, 
Goubau posited: 

“Sommerfeld’ s Wave on a bare conductor is constrained to 

the conductor only by reason of the conductor’s ?nite con 
ductivity” [Goubau ’068, column 4, line 26.] 
Goubau added and developed a neW premise. 
“[A] surface Wave can be transmitted along a conductor 

independent of its conductivity by reducing the phase veloc 
ity of the same. This reduction in phase velocity can be 
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2 
accomplished by suitably modifying the surface of the con 
ductor.” [Goubau ’068, column 4, line 13.] 
Goubau further states: 
“Any suitable modi?cation of the conductor, or Wire, Which 

reduces the phase velocity of the transmitted Wave Will enable 
the conductor to be used as a surface Wave guide.” [Goubau, 
column 6, line 61.] 

Goubau’s surface Wave transmission line (SWTL) inven 
tion required modi?cation of the conductor in order to reduce 
the phase velocity of the Wave [Goubau ’068, column 6, line 
61] . Propagation of the Wave Was initiated onto the conductor 
by means of a horn launcher [Goubau ’068, column 17, line 
1 8] . 
Goubau taught directly aWay from the usefulness of unin 

sulated and unconditioned conductor. He described the 
potential use of his invention With unmodi?ed conductors and 
stated: 

“Adequate, but less ef?cient, results for some purposes 
may be obtained by using a bare, unmodi?ed Wire in combi 
nation With the launching horn shoWn in FIGS. 8 and 9. 
Actually even for a bare conductor there is a microscopically 
thin dielectric layer present on its surface Which tends to 
concentrate adjacent the conductor the ?eld of the transmitted 
energy. For frequencies beloW about 5000 megacycles per 
second this minute surface layer is insu?icient to shrink the 
radial extent of the ?eld enough to permit the use of a bare 
conductor With a horn of convenient dimensions. HoWever, at 
higher frequencies the required thickness of dielectric layer to 
accomplish a given amount of ?eld concentration is lessened, 
and use of a bare conductor in combination With a conical 
horn is feasible. It Will be understood that, for any given 
frequency of the transmitted energy, a considerably larger 
horn diameter Will be required for a bare conductor than for a 
conductor With modi?ed surface. This is because the shrink 
age of the radial extent of the ?eld depends upon the thickness 
of the dielectric layer on the conductor surface.” [Goubau 
’068, column 19, lines 10-64.] 
Goubau described a system utiliZing a quarter Wave 

shorted section, a 3.5 inch cylindrical section and a tapered 
horn of 22 inches axial length for a total length of greater than 
64 cm. He detailed performance measured betWeen 1600 
MHZ and 4700 MHZ and indicated that the ?are angle (?are 
half angle of approximately 16 degrees) Was too large for best 
e?iciency at 4700 MHZ. [Goubau ’068, column 17, lines 
53-69.] 

In the years that folloWed, there has been a variety of 
patents issued related to Goubau’ s SWTL Which Was dubbed 
“Goubau Line” or “G-Line” and is commonly referred to as 
such in his honor. Goubau made further investigations into his 
SWTL, related to long distance transmission [1 nvesti gati on of 
a Surface- Wave Line for Long Distance Transmission, 
Goubau, Sharp, AttWood] and described it in comparison to 
more traditional lines [Open Wire Lines, Goubau] and 
described the effects of bends [Investigations with a Model 
Surface Wave Transmission Line, Goubau, Sharp]. 
By 1964 at least one reference book on electronic and radio 

theory included descriptions of this SWTL and also referred 
to it as G-Line [see, Reference Data for Radio Engineers, 
International Telephone & Telegraph, 11”’ Printing]. There 
Were several applications of G-Line, but the need for insula 
tion or special conditioning of the conductor generally 
restricted its use to off-beat problems; transmission to a 
device being toWed from an airplane, communications Within 
a mine and other situations Where the expense of installing a 
specially prepared line Was merited. 

In 1965 US. Pat. No. 3,201,724, to Hafner, described use 
of Goubau line for transmitting information by Way of the 
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electric power grid. This described replacing one of the exist 
ing power conductors With a special fabricated conductor, 
Wrapped in copper and insulation, Which could be used With 
special supports to alloW launchers to be suitably mounted. 
More recently, in 2001 a Work described a surface Wave 

method for transporting RF over long distances With loW loss 
using a metalized MYLAR® (dielectric) ribbon [Low-Loss 
RF T ransporl Over Long Distances, Friedman, Fernsler]. 
This referenced previous Work but added no neW insight into 
the possibility of SWTL operating on unconditioned lines. 
This Work indicated that Without dielectric the Wave extends 
“impractically far” beyond the conductor. [MYLAR is a reg 
istered trademark of E. I. Du Pont De Nemours and Company, 
of Wilmington, Del., and as used herein the term shall mean 
biaxially-oriented polyethylene terephthalate (boPET) poly 
ester ?lm.] 
None of this previous Work has recognized a Way to sepa 

rate Wave transmission along a single unconditioned conduc 
tor from simultaneously causing radiation from this same 
conductor. Greater and better use of Goubau’s invention has 
been limited by the need for special treatment of the conduc 
tor, most often provided by supplying insulation or a special 
dielectric coating. His invention required this special modi 
?cation both in order to maintain a non-radiating transmis 
sion line and also to reduce the radial extent of the electric 
?eld around the conductor in order to alloW the use of a horn 
launcher of convenient size. 

The foregoing patent and prior art references re?ect the 
current state of the art of Which the present inventor is aWare. 
Reference to, and discussion of, these patents is intended to 
aid in discharging Applicant’s acknowledged duty of candor 
in disclosing information that may be relevant to the exami 
nation of claims to the present invention. HoWever, it is 
respectfully submitted that none of the above-indicated pat 
ents disclose, teach, suggest, shoW, or otherWise render obvi 
ous, either singly or When considered in combination, the 
invention described and claimed herein. 

SUMMARY OF THE INVENTION 

The present invention is a loW attenuation SWTL system of 
the kind disclosed in co-pending US. Pat. application Ser. 
No. 11/134,016, ?led 20 May 2005, noW abandoned, Which 
application is incorporated in its entirety by reference herein. 
The inventive SWTL system uses a single central conductor 
and a variety of launcher types. It is suitable for launching and 
transmitting electromagnetic energy over an extremely broad 
range of frequencies. It greatly improves upon prior SWTL 
art by removing the requirement for any dielectric or special 
featuring of the conductor. LoW attenuation of the propagated 
Wave together With loW radiation are achieved through radial 
and longitudinal symmetry of the system and of the associ 
ated electric ?elds along the SWTL conductor. These are 
achievable Without requiring any sloWing of the propagated 
Wave. This invention also does not require any sloWing of the 
Wave in order to alloW the launcher Which initiates the propa 
gation to be of convenient size. 

Furthermore, this invention is not limited to use With a horn 
type launcher, but rather alloWs a variety of launcher forms 
including horn, planar and reverse-hom. Some of these 
launcher forms can produce a very loW attenuation SWTL 
system across more than three decades of frequency range 
While being no larger than a feW percent of a Wavelength at the 
loWest frequency. Launchers may be further shaped and ?tted 
With dielectric to either minimize, or to augment, conversion 
to radiating modes at the same time they convert to and from 
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4 
a Wave propagation along the SWTL conductor. In this man 
ner antenna functionality may be integrated With the launcher. 
Though by no means limited to this use, this invention has 

particular application to the transport and distribution of high 
speed information over a three decade frequency range, 
including mo st importantly the range of approximately 50 
MHZ to 20 GHz, and most importantly including the 50 MHZ 
to 5 GHz sub-range. The system employs poWer transmission 
lines in the existing WorldWide poWer distribution grid as 
conductors for surface Wave transmissions. In addition to 
providing information transport and mobile communications 
access, this invention has particular use as a means for reduc 
ing energy costs by providing real time control and monitor 
ing information of end-use energy demands. This kind of real 
time access is an enabling aspect of “Smart Grid” energy 
utility systems and can enable economic incentive for end 
users to reduce their individual energy consumption at times 
of peak energy demand. There have been estimates of several 
hundred billion dollars of potential savings in the United 
States alone achievable through the off-loading of only a feW 
percent of current peak energy usage because doing so 
removes or reduces the necessity of expanding costly energy 
generation, transmission and distribution systems. 

Other advantages and novel features characteristic of the 
invention, as to organization and method of operation, 
together With further objects and advantages thereof Will be 
better understood from the folloWing description considered 
in connection With the accompanying draWings, in Which 
preferred embodiments of the invention are illustrated by Way 
of example. 

It is to be expressly understood, hoWever, that the draWings 
are for illustration and description only and are not intended 
as a de?nition of the limits of the invention. The various 
features of novelty that characterize the invention are pointed 
out With particularity in the claims annexed to and forming 
part of this disclosure. The invention does not reside in any 
one of these features taken alone, but rather in the particular 
combination of all of its structures for the functions speci?ed. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

The invention Will be better understood and objects other 
than those set forth above Will become apparent When con 
sideration is given to the folloWing detailed description 
thereof. Such description makes reference to the annexed 
draWings Wherein: 

FIG. 1 is a schematic diagram shoWing Wave propagation 
through and from a SWTL system, Which includes a central 
unconditioned conductor With launchers located at each of its 
ends; 

FIG. 2A is a schematic vieW shoWing a generic impedance 
matching and transmission type adapter combined With a 
planar mode converter for launching a surface Wave; 

FIG. 2B is a schematic vieW of a mode converter as in FIG. 
2A, but using a tapered coaxial line as an impedance matching 
device; 

FIG. 3 is a schematic diagram shoWing electric ?eld lines in 
the vicinity of a planar mode converter and unconditioned 
SWTL central conductor, With solid lines highlighting the 
path of the electric ?eld; 

FIG. 4 is a schematic three-port S-Parameter representa 
tion of a mode converter; 

FIG. 5A is a schematic vieW of a “hom” type mode con 
verter With a ?are half-angle betWeen zero and 90 degrees; 

FIG. 5B is a schematic vieW of a planar type mode con 
verter With a ?are half-angle of 90 degrees; 
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FIG. 5C is a schematic vieW showing a “reverse-hom” type 
mode converter With a ?are half-angle betWeen 90 and 180 
degrees; 

FIG. 6 is a graph showing a transmission measurement 
over 29 feet 8 inches of #24 gauge bare copper Wire SWTL 
conductor With 2-foot diameter planar mode converters over 
the frequency range of 0.3 MHZ to 3000 MHZ, Wherein the 
loWer plot is of S21 and the upper plot is of GAmax; 

FIG. 7A is a graph shoWing a transmission measurement 
over the frequency range of 130 MHZ to 20,000 MHZ of a 678 
mm length #24 gauge bare copper SWTL conductor With 68 
mm diameter mode converters each having a 45 degree ?are 
angle, Wherein the loWer plot is of S21 and the upper plot is of 
Gamax’ 

FIG. 7B is a graph shoWing a transmission measurement 
over the frequency range of 130 MHZ to 20,000 MHZ of a 678 
mm length #24 gauge bare copper SWTL With 68 mm diam 
eter planar mode converters each having a 90 degree ?are 
angle, Wherein the loWer plot is of S21 and the upper plot is of 
GAMX; 

FIG. 7C is a graph shoWing a transmission measurement 
over the frequency range of 130 MHZ to 20,000 MHZ of a 678 
mm length #24 gauge bare copper SWTL conductor With 68 
mm diameter mode converters each having a 135 degree ?are 
angle, Wherein the loWer plot is of S21 and the upper plot is of 
GAMX; 

FIG. 8A is a schematic vieW shoWing a dielectric compen 
sator for use With mode converters to reduce conversion to 
radiation and to improve impedance matching; 

FIG. 8B is a schematic vieW shoWing a dielectric compen 
sator as in FIG. 8A, positioned inside a specially tapered horn 
type mode converter; 

FIG. 9A is a schematic representation of an integrated 
SWTL mode converter and bi-conical antenna providing 
maximum coupling betWeen the SWTL and antenna; 

FIG. 9B is a schematic representation of an integrated 
SWTL mode converter and bi-conical antenna providing cou 
pling betWeen the SWTL and shared betWeen an integrated 
antenna and a second mode converter coupling to a second 

SWTL; 
FIG. 10 is a schematic vieW shoWing a high altitude 

antenna system using the devices of FIG. 9A and FIG. 9B, 
suitable for support by a balloon or other airborne support, 
exhibiting gain and directivity and fed by Way of a ground 
mounted planar mode converter and integrated SWTL and 
tether; 

FIG. 11 is a graph shoWing a time domain re?ection mea 
surement of the SWTL system measured as in FIG. 7B, indi 
cating the magnitude of the re?ection coe?icient and the 
corresponding SWTL line impedance as a function of time 
(distance) from the planar mode converter; 

FIG. 12 is a graph representing GAmax on a SWTL system 
With and Without compensated launchers; 

FIG. 13 is a graph of the inventive SWTL system using 
tapered launchers mounted at each end of approximately 60 
feet of #4 stranded copper poWer line conductor; 

FIG. 14A is a model shoWing contours of constant electric 
?eld magnitude in the vicinity of a planar mode converter and 
tapered SWTL central conductor of square cross section; and 

FIG. 14B shoWs plots of relative electric ?eld magnitude 
versus distance from a tapered SWTL central conductor of 
square cross section at tWo different locations along the taper. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring noW to FIGS. 1, 2A, 2E, 3, 4, 5A-5C, 6A, 7A-7C, 
8A, 8B, 9A, 9B, 10-13, 14A and 14B, Wherein like reference 
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6 
numerals refer to like components in the various vieWs, there 
is shoWn a novel SWTL system for launching surface Waves 
on a single conductor. FIG. 1 is a schematic vieW shoWing an 
embodiment of the present invention, Which is a SWTL sys 
tem comprising a ?rst launcher 11 comprising an adapter 12 
and mode converter 14 located at one end of a SWTL central 
conductor 10 Which has its second end connected to a second 
launcher 13 comprising a second mode converter 16 and 
second adapter 18. The ?rst and second launchers may be 
either identical or different in design. 
The incident Wave 20 may reach the ?rst launcher either by 

Way of propagation through or along a conventional type of 
transmission line or by radiation through a free space or 
dielectric medium. The launcher may also provide impedance 
transformation betWeen the impedance of the incident Wave 
to the impedance of the SWTL as part of its function. The 
transmitted Wave 28 exits the system from the second 
launcher 13. 

FIG. 3 is a schematic representation of electric ?eld 
E-?eld) lines near an exemplary SWTL system. In this vieW, 
the system includes a mode converter 14 and SWTL 10. The 
mode converter in the example launcher is of a planar type 
and has a small central hole 46 through Which the SWTL 
central conductor 10 may pass. The entire system may be 
embedded in an enclosing medium 52, Which may be a 
vacuum, air, or another relatively isotropic dielectric. In 
regions of the SWTL conductor 10 that are at many line 
diameters’ distance aWay from the launcher 14, virtually all 
of the electric ?eld (E-?eld) lines emanate aWay from the 
central conductor at right angles to the conductor, form a loop 
40, and terminate at other locations along the same SWTL 
conductor. Solid lines 44 emphasizing the path of these ?eld 
lines have been draWn in over the more numerous but shorter 
lines used to represent the E-?eld. This representation shoWs 
the path of the ?eld lines but does not clearly shoW the relative 
magnitude of the ?elds at any point. The ?gure depicts a 
“snapshot” in time and phase for a Wave propagating along 
the SWTL With ?elds of peak magnitude 42 located betWeen 
the solid loops 40. 

FIG. 14A shoWs a model of a tapered SWTL central con 
ductor of square cross-section 100 betWeen tWo 100 mm 
square planar mode converters 36 Which also have a central 
10 mm square hole 101 through Which the SWTL conductor 
passes. In this model, the SWTL central conductor is 400 mm 
long and tapers from 4 mm at one end to 0.04 mm at the center 
and then back to 4 mm at the second end. Also shoWn in FIG. 
14A are contours of constant electric ?eld magnitude 98 of a 
700 MHZ Wave propagating along the SWTL. As in FIG. 3 
this is a “snapshot” in time and phase for the propagating 
Wave. TWo different locations along the SWTL are indicated 
in this ?gure. These relate to different SWTL conductor siZes. 
The ?rst location 104 is at the center of the tapered SWTL 
central conductor Where the conductor is 0.04 mm square. At 
the second location 102, the conductor is much larger and 
approximately 3 mm square. 

FIG. 14B shoWs the relative electric ?eld magnitude at 
these tWo locations as a function of distance aWay from the 
center of the SWTL conductor. The electric ?eld magnitude 
very close to the SWTL at the location Where the tapered line 
is smallest 106 is signi?cantly greater than the corresponding 
case Where the tapered line is larger 108. HoWever beyond a 
feW mm distance aWay from the SWTL conductor electric 
?eld magnitude is similar for the tWo cases. 

For SWTL conductors made from metal or other highly 
conductive material, in the absence of an embedding dielec 
tric or magnetic materials near the conductor, the relative 
propagation velocity of the Wave traveling along this SWTL 
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is very nearly unity. In the region far from the launchers Where 
E-?eld lines terminate only on the SWTL, the line is essen 
tially non-radiating. 
When uniformly surrounded by a medium such as air or 

vacuum, the characteristic impedance of the line in this region 
is nearly the same as the radiation impedance of free space; 
approximately 12075 or about 377 ohms. 

FIG. 11 shoWs a measurement of the characteristic imped 
ance of a SWTL system as a function of line position relative 
to a launcher. The measurement Was made in the frequency 
domain of the system measured in FIG. 7B With a vector 
netWork analyZer; and the results Were transformed to loW 
pass step response in time domain. The vertical axis 81 mea 
sures the re?ection coe?icient, relative to a 50 ohm measure 
ment environment, over the range of 0 to l. The right vertical 
axis 89 is labeled With the value of line impedance corre 
sponding to re?ection coe?icients of 0.2, 0.4, 0.6 and 0.8. The 
horizontal axis 83 is a time axis. The time shoWn is that for 
round-trip transit of the incident Wave stimulus used to mea 
sure the impedance. This value is precisely tWice the time 
required for the Wave to travel from the launcher to a corre 
sponding location on the line. Physically the line is 678 mm 
long, Which is also the spacing betWeen the tWo planar 
launchers. From this measurement the manner in Which the 
line impedance increases With distance aWay from the 
launcher and approaches the free space impedance can be 
directly observed. The marker value 85 indicates a line 
impedance of approximately 366 ohms. The sudden discon 
tinuity 87 at approximately 4.5 nanoseconds is at the position 
of the second launcher. 

The non-radiating nature of this SWTL may be understood 
by considering the symmetry provided by the arrangement. 
Considered both radially and longitudinally, every e-?eld line 
is paired With another line equal in magnitude but opposite to 
it in direction. At a distance from the SWTL, the combined 
effects of these ?elds sum almost to Zero. Due to this sym 
metry, at locations farther than a feW Wavelengths from the 
conductor there is negligible radiation. The ?nite conductiv 
ity of the conductor does produces some transmission attenu 
ation and the e-?eld magnitude does decrease someWhat With 
distance so the longitudinal e-?elds don’t completely cancel. 
HoWever, for good conductors such as silver, copper or alu 
minum, the effect is small and this SWTL exhibits very loW 
attenuation and is substantially non-radiating. 

FIG. 4 is a simpli?ed three-port S-Parameter representa 
tion 32 of Waves incident at 20 and emanating from 24 the 
mode converter 14 of the ?rst launcher shoWn in FIG. 1. Port 
1 P1 represents the interface to the incident Wave 20 at the 
launcher. S11, S12, S21, and S22 are the tWo-port S parameters 
When radiated coupling to the system is disregarded. Port 2 P2 
represents the SWTL interface at the launcher. Port 3 P3 
represents the launcher interface to Waves 22 radiating into 
the enclosing medium 52 (Which is shoWn in FIG. 1 and FIG. 
3). A more complete three-port S-Parameter representation 
can be simpli?ed by neglecting any incoming radiated Wave 
at Port 3, Which alloWs setting S33 and S13 to Zero. This is the 
normal use case for the SWTL system, Wherein poWer inci 
dent upon the system only radiates outWard and aWay from 
the SWTL system and is not re?ected back into the system by 
nearby structures. 

It should be recogniZed that the system in FIG. 1 is sym 
metrical in nature and that a representation of poWer ?oW in 
the reverse direction; With incoming poWer incident on the 
second launcher 13 (again, either a mode converter alone or a 
mode converter and an adapter), traveling through the second 
mode converter 16 across the SWTL conductor 10 into the 
mode converter 14 of the ?rst launcher and emanating from 
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the adapter 12 of the ?rst launcher, is equivalent to a repre 
sentation having poWer ?oW in the forWard direction since, in 
the absence of active devices or special magnetic materials 
such as ferrites, the laW of reciprocity applies to this system 
and for the S-parameters shoWn, S12 is equal to S21 and S13 is 
equal to S 3 1. Except for the direction of Wave propagation, the 
functions of the adapter 18 and mode converter 16 of the 
second launcher are the same as those of the ?rst mode con 
verter. Therefore the function of the SWTL system can be 
understood by analyZing it considering a Wave incident upon 
only one end. 
SWTL Central Conductor: The function of the SWTL cen 

tral conductor used in the present invention is to guide a 
planar surface Wave longitudinally along and through the 
region or space immediately around it. In a very general Way, 
the operation of this SWTL can be thought of as a mirror of 
the of operation of ?ber optic cable. Where ?ber optic cable 
serves to propagate a Wave by containing the Wave energy 
Within a dielectric, this SWTL line contains and propagates a 
Wave in the region immediately around a central conductor. 
As previously described, the Wave is non-radiating due to 

symmetry. PoWer is lost from this system mainly through 
losses due to imperfect conductivity of the central conductor. 
These “ohmic losses” cause conversion of incident Wave 
energy to heat and to a very slight degree, energy loss through 
radiation directly from the line. Because of the relatively high 
impedance of this SWTL, current in the conductor is loWer 
and dissipative losses are loW When compared to similar 
losses in conventional coaxial, micro-strip and most other 
common transmission line types. 
A feature of this invention is that the diameter of the con 

ductor may be large, even When compared to a Wavelength of 
the transmitted Wave. Generally it is more di?icult to directly 
initiate the surface Wave onto a large conductor but it is easy 
to initiate onto a smaller diameter conductor and then to taper 
the conductor diameter over a distance to a much larger 
dimension. Sudden changes in conductor diameter can pro 
duce a discontinuity Which results in re?ection of the Wave 
and also in conversion to radiation but as long as the tapering 
is done gradually, there is little penalty in the form of 
increased attenuation or radiation. 
The central conductor need not be circular. As long as it is 

of relatively constant longitudinal cross-section, the conduc 
tor only needs to have radial symmetry in order that the 
electric ?eld lines emanating or entering it from opposite 
sides cancel. Thus a cross section that is square, hexagonal or 
polygonal With any even number of sides Will suf?ce. These 
sides do not have to be equal in dimension. A rectangle or a 
ribbon conductor can also be adequate. Variation is permis 
sible in the structure of the SWTL conductor in the longitu 
dinal direction, as long as any feature is relatively small 
compared to a Wavelength of the transported Wave. A con 
ductor comprising a feW or numerous smaller conductors 
tWisted together, such as used in common poWer line conduc 
tors provides an excellent central conductor for a SWTL up to 
at least 10 GHZ. 
The measurements shoWn in FIG. 13 plot S21 90 and 

GAmax 92 of a SWTL system using a pair of the slotted and 
tapered launchers described in Us. Pat. No. 7,009,471, to the 
present invention, Which patent is incorporated in its entirety 
by reference herein. The horizontal axis is frequency in MHZ, 
and the vertical axis is transmission response in dB. As used 
herein, GAmax means the simultaneous conjugate match 
transmission parameter. The adapter portion of this design 
provides band limited coupling and has approximately 1 dB 
of coupling loss at 2000 MHZ. An incidental secondary 
response 94 at approximately 500 MHZ exists. The coupling 
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at this frequency is poor, but the plot of GAmax 92 shows the 
relatively constant underlying SWTL attenuation achievable 
With a launcher of convenient siZe. 

Launchers: A launcher comprises a mode converter and 
may include an adapter. 
Mode Converters: The mode converter serves to initiate 

propagation in the desired surface Wave mode along the 
SWTL. The mode converter may also initiate propagation in 
other modes, including other transmission modes involving 
the SWTL conductor as Well as radiation modes Which radi 
ate directly into the enclosing medium. Other transmission 
modes are generally not useful hoWever for some applications 
it may be desirable to provide radiation from the launcher in 
order to produce a sort of “leaky transmission line.” Deliber 
ate unbalancing of the e-?eld symmetry can be used to 
accomplish this. 

The mode converter can be thought of as a device that 
modi?es the termination point of SWTL E-?eld lines. In the 
region far from the mode converter E-?eld lines terminate 
along the SWTL conductor While Within the launcher they 
terminate in a manner so as to return current to the adapter, 
conventional transmission line or antenna type Which is con 
nected to the launcher. 

Considering the electric ?eld lines shoWn in FIG. 3 and 
presuming this planar mode converter 14 to have a small 
clearance hole 46 through Which the SWTL center conductor 
passes in a coaxial manner, the region in the hole and to the 
left of the mode converter can be a coaxial transmission line. 

In this arrangement, the center conductor, in combination 
With the conductive material on the inside edge of the hole 46, 
may be considered a conventional coaxial transmission line 
31. In the region, ?eld lines emanating from the coaxial center 
conductor all terminate in the outer conductor of that coaxial 
line. Current ?oW on the center conductor is equal in magni 
tude and opposite in polarity to current along the outer con 
ductor. The electric ?eld lines emanate at right angles to the 
direction of poWer ?oW Within the coaxial line and also at 
right angles to both the central and outer conductor surfaces. 

In the region far to the right of the mode converter, the 
electric ?eld lines Which emanate from the SWTL center 
conductor all terminate at different location along that same 
conductor. The mode converter is the structure intermediate 
betWeen these tWo regions Which provides a transition 
betWeen these tWo different conditions. 

It is useful to recogniZe that the presence of a mode con 
verter reduces the impedance of the SWTL near the mode 
converter. As previously described and shoWn by the mea 
surement of FIG. 11, in regions distant from a launcher, the 
impedance of the line is essentially identical to that of an 
unguided Wave propagating Within the same enclosing 
medium. As the line approaches the launcher, some of the 
E-?eld lines 44 (FIG. 3) terminate in the launcher instead of 
on the SWTL conductor. This causes the capacitance per unit 
length on the SWTL to increase and the SWTL impedance to 
decrease accordingly. SWTL impedance may decrease from 
about 376 ohms in regions that are at least several hundred 
times the conductor diameter aWay from the mode converter 
to less than 200 ohms in the region close to the conductive 
material of the mode converter. 

There is a very large variety of structures Which may be 
used for the mode converter function. When it is desirable to 
minimize coupling to a radiating mode polariZed at right 
angles to the SWTL, mode converters Will be likely to have 
radial symmetry. This means that their shape can be created 
by revolving a tWo-dimensional structure around the axis of 
the SWTL conductor. Other possibilities exist but this is 
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generally the simplest Way to maintain electric ?eld symme 
try and thereby minimiZe radiation polarized at right angles to 
the SWTL. 
The fundamental function of the mode converter can be 

accomplished using a variety of shapes and materials includ 
ing both conductors and dielectrics. 

In considering alternative structures, fabricated primarily 
from conductive material, it is useful to consider the ?are 
half-angle of the mode converter. This results in three general 
types, depicted in FIG. 5A, FIG. 5B and FIG. 5C, respec 
tively. These vieWs schematically shoW a general class of 
converters and do not preclude special longitudinal shaping 
of the mode converter. Thus, there may be several sub-types 
of each of these general types, including linear taper, expo 
nential taper, special curvature at the edge of the conductive 
material, and so forth. 
“Hom” Mode Converter With Flare Half-Angle betWeen 

Zero and 90 degrees: Referring ?rst to FIG. 5A, there is shoWn 
a mode converter constructed so as to have a ?are half-angle 
30 from Zero to 90 degrees. Converters having ?are half 
angles betWeen Zero and ninety degrees are of the ?ared horn 
variety 34. This is the type of launcher used in the prior art for 
G-Line. That art included both linear and special tapers of the 
basic horn shape. 

For this type of mode converter, at least part of the adaptive 
function is performed Within the tapered portion of the horn. 
This is because the impedance of the line Within the horn is 
decreasing at the same time the diameter of the horn 
decreases. The result is a length of transmission line With 
tapered impedance, positioned betWeen the open end of the 
horn and the connection point. 

Measurements of a horn mode converter With a mode con 
verter half angle of 45 degrees are shoWn in FIG. 7A, Which 
is a graph shoWing a transmission measurement over the 
frequency range of 130 MHZ to 20,000 MHZ of a 678 mm 
length #24 gauge bare copper SWTL With 68 mm diameter 
horn mode converters each having a 45 degree ?are angle, 
Wherein the loWer plot 72 shoWs S21 and the upper plot 70 
shoWs GAmax. As used herein, “GAmax” means the simul 
taneous conjugate match transmission parameter [S-Param 
eter Design, Application Note AN 154, Agilent Technolo 
gies]. 

Planar Mode Converter With Flare Half-Angle of 90 
degrees: Mode converters With ?are half-angles 30 of ninety 
degrees are planar mode converters 36, as shoWn in FIG. 5B. 
Launchers made With this type of mode converter have Well 
de?ned measurement planes. These converters are perhaps 
the simplest type to measure, fabricate and also the simplest 
to analyZe. These may also be the most practical type of mode 
converter for use at loW frequencies. BeloW 30 MHZ, the earth 
itself can serve as the plane from Which to launch a Wave onto 
a SWTL conductor. The conductor might be a self supporting 
vertical structure or suspended vertically and supported by a 
balloon, kite or other lifting device. 

FIG. 7B shoWs a transmission measurement over the fre 
quency range of 130 MHZ to 20,000 MHZ of a 678 mm length 
#24 gauge bare copper SWTL conductor With 68 mm diam 
eter planar mode converters each having a 90 degree mode 
converter half angle. The loWer plot 78 shoWs S21 and the 
upper plot 76 shoWs GAmax. Other measurements of planar 
mode converters are shoWn in FIG. 6 and FIG. 11. Compared 
to the other classes of mode converters, simple converters in 
this class often shoW the greatest re-re?ection of the propa 
gated Wave as compared to the other tWo types. This is gen 
erally evidenced by greater ripple in the S parameter mea 
surement than for other mode converter types. 
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“Reverse Horn” Mode Converter With Flare Half-Angle 
between 90 degrees and 180 degrees: Mode converters With 
?are half-angles 30 greater than ninety degrees and less than 
180 degrees are “reverse horn” converters 38, as shoWn in 
FIG. 5C. This type of converter generally shoWs a lesser 
degree of re-re?ection and slightly less conversion to radiat 
ing mode than do the other tWo types. Radiation levels equat 
ing to approximately ten percent (10%) of the incident poWer 
at the launcher have been measured. HoWever for this type of 
converter part of the impinging surface Wave may continue 
past the launcher. While this generally results in reduced 
re-re?ection, as evident in FIG. 7C as compared to FIG. 7A or 
FIG. 7B, it may result in increased radiation from lines, 
connections or other structures behind the launcher. 

FIG. 7C is a graph shoWing a transmission measurement 
With a mode converter half angle of 135 degrees over the 
frequency range of 130 MHZ to 20,000 MHZ of a 678 mm 
length #24 gauge bare copper SWTL conductor With 68 mm 
diameter reverse horn mode converters each having a 135 
degree ?are angle. The loWer plot 82 shoWs S21 and the upper 
plot 80 shoWs Gamax. 

For all three of these radially symmetric mode converter 
types, the signal converted to radiation aWay from the line 22 
(FIG. 1) is primarily linearly polariZed With the polariZation 
parallel to the SWTL conductor. Axial ratios of greater than 
20 dB are common for radiation from all three types. 

Adapter: The adapter 12 portion of the launcher serves to 
couple the mode converter to a conventional transmission line 
type or antenna. For many launchers, the mode converter 
interface is a coaxial connection and the adapter essentially 
converts this to the impedance and connection type desired at 
the launcher input 32. 

The impedance of the connection at the mode converter 
tends to be relatively high compared to many conventional 
connector and transmission line types. If broadband function 
ality of the mode converter is required, the adapter 12 may be 
called on to simultaneously convert from the mode convert 
er’s connection and also to provide broadband impedance 
matching to the impedance and type of an external connector 
32 as depicted in FIG. 2A. Transmission line adapters and 
impedance matching of this type are problems commonly 
solved in the art. At higher RF and microWave frequencies, 
stepped transmission line matching netWorks or Chebyshev 
taper transmission line transformers may be used. At loWer 
frequencies lumped elements may be substituted. 

FIG. 2A and FIG. 2B depict tWo types of adapters, includ 
ing in FIG. 2B the impedance matching performed by using a 
tapered coaxial transmission line. The arrangement shoWn in 
FIG. 2B serves to separate the impedance transformation 
function of a tapered coaxial adapter from its use as a mode 
converter. The combined usage is shoWn in FIG. 5A. 

Each launcher Was fabricated by cutting the comers off a 2 
foot square Wood sheet to form a hexagon. Aluminum foil Was 
a?ixed to one surface of the Wood hexagon and a single SMA 
connector Was mounted at the center of a small aluminum 
reinforcing plate With the connector center pin protruding 
above the plane of the aluminum foil. The selection of a 
hexagonal rather than a circular shape Was out of convenience 
and is insigni?cant to this measurement. A SWTL conductor 
consisting of 29 feet 8 inches of bare #24 (0.02" diameter) 
copper Wire Was soldered to the center pin of each SMA 
connector. The tWo launchers Were separated a distance of 
about 29 feet 8 inches (slightly more than 9 meters) so as to 
cause the copper Wire to become taut. The entire system Was 
situated so as to maintain at least 2 feet of clearance betWeen 
the copper conductor and any other objects outside of the 
system. 
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TWo plots are shoWn in FIG. 6. The loWer plot 64 is of S21 

and the upper plot 66 is of GAmax. These measurements Were 
made at 201 frequency points, evenly distributed betWeen 0.3 
MHZ and 3000 MHZ. S21 is the error corrected transmission 
response measured at the SMA connectors With a vector 
netWork analyZer using a 50 ohm reference impedance and 
calibrated to the plane of the mode converter. GAmax is 
calculated from the four measured tWo -port S-Parameters and 
serves to remove the measured effects of the considerable 
impedance mismatch betWeen the 50 ohm measurement sys 
tem and the higher impedances presented by the SWTL sys 
tem. 

The plots shoWn in FIG. 6 demonstrate the very large 
frequency range possible With this SWTL system. Although 
the diameter of the mode converter Was only 24 inches, rela 
tively uniform operation of the system Was available from 
about 25 MHZ to beyond 3 GHZ. Other measurements of this 
same system shoW GAmax having less than 10 dB of loss 
from beloW 10 MHZ to above 10 GHZ. At very loW frequen 
cies Where the diameter of the mode converter is less than 
approximately 4 percent of a Wavelength, some of the E-?eld 
limes “Wrap around” the mode converter and terminate on the 
feed line and other structures not intentionally part of the 
system. At these loWer frequencies the input impedance of the 
launcher rises and becomes mom di?icult to e?iciently 
match. Even so, mode converters of maximum dimension as 
small as tWo percent (2%) of a Wavelength at the propagating 
Wavelength can be effective. 

The travel time measured Was 29.025 nanoseconds. The 
physical length of the conductor Was measured to be 28.52 
feet (8.69 meters). These measurements indicate a Wave 
velocity of 2.995><103 meters/ sec Which is Within 0.07 percent 
(0.07%) of a calculated value for the speed of light in air and 
Well Within the uncertainty of this measurement. 

S21 and GAmax measured this Way include the combined 
effects of both SWTL line loss and radiation loss from the 
system. In order to separate line loss from radiation loss and 
to determine the attenuation of the SWTL line alone, a comer 
re?ector type reference antenna Was used to measure the 
radiated ?eld in the vicinity of the launcher at 1.8 GHZ. This 
measurement is represented by the magnitude of S31 in FIG. 
4. To do this, the previous VNA connection at the SMA 
connector of the second launcher Was moved to the reference 
antenna. The SMA connector at the second launcher Was 
terminated With a 50 ohm load. The reference antenna Was 
placed tWelve inches aWay from the ?rst launcher, this dis 
tance having been previously determined to be great enough 
to be in the far-?elds of both the reference antenna and the 
launcher. The reference antenna polariZation Was aligned to 
be parallel With the SWTL conductor and the netWork ana 
lyZer Was used to locate and to measure the maximum mag 
nitude of the transmitted signal. Free space path loss at 1.8 
GHZ Was calculated for the SWTL-to-antenna distance and 
using the knoWn gain of the reference antenna and assuming 
the effective gain of the radiating element of the launcher to 
be the same as a dipole, or approximately 2.1 dB relative to an 
isotropic antenna, the coupling factor to the radiating mode 
Was determined. This value Was approximately —8 dB indi 
cating that about sixteen percent (16%) of the poWer incident 
to port 1 Was convened to a radiating mode and radiated aWay 
from the ?rst launcher into space. 

MinimiZation of Radiation from the Made Converter: The 
radiation aWay from the mode converter may be reduced by 
adding a compensator 48, as shoWn in FIG. 8A and FIG. 8B, 
made from dialectic material and located on the SWTL con 
ductor near the mode converter 50. An effect of this device is 
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to reduce the sudden discontinuity of line impedance and 
increase symmetry of the E-?elds in the region close to the 
mode converter. 

The main purpose of this compensator is to expand the 
transition region of the mode converter in such a Way as to 
increase symmetry of the e-?eld. This increased symmetry 
reduces radiation and increases transmission betWeen the 
launcher and the SWTL surface Wave. 

The function of the dielectric to reduce radiation can be 
understood by considering a Wave uniformly propagating 
along the SWTL conductor toWard a launcher Which incor 
porates a compensator as in FIG. 8B. As the Wave impinges on 
the front portion 58 (FIG. 8A) of the specially tapered dielec 
tric compensator 48, the electric ?elds tend to be concentrated 
Within the dielectric and the extent of the ?elds beyond the 
compensator is reduced. As the Wave proceeds in this direc 
tion, at the Widest part 56 (FIG. 8A) (e. g., the mid section) of 
the compensator a majority of the Wave is propagating 
entirely inside the dielectric. The line impedance in this 
region is considerably reduced With respect to the impedance 
in the region of uniform propagation beyond the dielectric 
and far front the launcher. As the Wave continues toWard the 
mode converter, the diameter of tapered portion 54 is reduced 
or the dielectric constant of the compensator is reduced in 
such a Way that in concert With the effects of the mode 
converter produces a constant or gradually tapering line 
impedance. 

The dielectric compensator should be chosen to have a 
length of at least one half Wavelength at the loWest frequency 
of use and should have a diameter and dielectric constant 
chosen to alloW a majority of the Wave to be encompassed in 
the region of its Widest diameter 56. In one or both of the 
tapered regions 58, 54 the physical taper, dielectric constant 
or both may be adjusted to provide a Chebyshev or other 
desired taper to optimiZe compensation over a broad range of 
frequencies While requiring a minimum of dielectric material. 
Generally a dielectric material With loW loss tangent, such as 
REXOLITE® or TEFLON®, should be used for best perfor 
mance. [REXOLITE® is a registered trademark of C-LEC 
Plastics, Inc., of Philadelphia, Pa., and as used herein, the 
term shall mean a cross-linked polystyrene microWave plastic 
made by the trademark oWner. TEFLON® is a registered 
trademark of E. I. Du Pont de Nemours and Company, and as 
used herein, the term shall mean polytetra?uoroethylene or 
polytetra?uoroethene (PTFE).] 

Similarly, the taper of the line impedance in the region 54 
from the region of maximum diameter of the compensator to 
the end of compensator nearest the launcher may be arranged 
by modifying the taper of the dielectric, the dielectric con 
stant of the material, or the taper or shape of the mode con 
verter if the mode converter is of a non-planar class. 

Efforts taken to reduce the extent of the ?eld near the mode 
converter in order to reduce impedance discontinuity and to 
increase E-?eld symmetry may also serve to reduce the mini 
mum frequency at Which the mode converter can operate. 

Plots shoWing the performance of launchers With compen 
sation 84 and Without compensation 86 are shoWn in FIG. 12. 
Measurement axes are the same as for FIGS. 6 and 13, dis 
cussed above. Here a SWTL system similar to the one mea 
sured in FIG. 7A is measured and GAmax is calculated and 
plotted tWice, once before the addition of a crude polyethyl 
ene compensator (shoWn in plot line 84), and again after the 
addition of the compensator (shoWn in plot line 86). The 
compensators used for this Were approximately 35 mm long 
and 6 mm Wide at the mid section (56 in FIG. 8A). Each Was 
tapered approximately linearly doWn to a small diameter 
“nose” at each end. Each compensator Was placed Within the 
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?ared section of a mode converter betWeen the horn mouth 
and about 20 mm from the SMA connector. Its position Was 
adjusted to provide the maximum transmission. As can be 
seen, the volume of dielectric Was too small to provide 
improvement across the entire 0.13-20 GHZ frequency range, 
but above about 14 GHZ very signi?cant improvement is 
evident producing less than 1.5 dB end to end loss, for the 
entire SWTL system. 

It should be noted that at shorter Wavelengths mode con 
verters may provide compensation or impedance matching as 
part of their nature. This is because at Wavelengths Where the 
region of very rapid SWTL line impedance change 91 (FIG. 
11) is one quarter Wavelength of the propagating Wave or 
longer, reasonably good impedance matching may occur. 
Evidence of this can be seen by comparing the S21 and 
GAmax plots of FIG. 7C in the region 93 above 18 GHZ (FIG. 
7C). In this region the tWo plots can be seen to be nearly 
identical. This indicates that the impedance match is rela 
tively good even Without any additional dielectric compensa 
tion. 

Although a single extremely Wideband measurement of an 
exemplary system is not herein provided, the combination of 
excellent operation at high frequencies, Where the SWTL 
conductor diameter becomes comparatively large in relation 
to Wavelength, along With the ability of the system to operate 
at loW frequencies using a launcher having a maximum 
dimension no larger than about 2% of the propagation energy 
Wavelength, the system can provide continuous and loW 
attenuation, broadband transmission over more than three 
decades of frequency range from a single SWTL system. 
An inventive system, similar to the exemplary system 

above, having launchers With a tWo -foot diameter, and having 
coverage of from beloW 10 MHZ to above 10 GHZ, Would 
achieve good performance to as high as 100 GHZ and above. 
In fact, With suitable manufacturing precision and connec 
tors, the system could operate e?iciently in a four decade 
frequency range. 

Deliberate Conversion to Radiating Mode In the Mode 
Converters: It is also possible to increase the degree of radia 
tion from the mode converter by reducing the E-?eld symme 
try in the region near the mode converter. This can be done by 
con?guring dielectric devices to increase the rate of imped 
ance change. Radiation With polarization at right angles to the 
SWTL conductor may be increased by reducing the radial 
symmetry of the mode converter. The symmetry can be 
reduced by notching a radial segment aWay from the material 
used to construct the mode converter. 

Thus, linearly polarized radiation aWay from the mode 
converter parallel to the SWTL conductor, orthogonal to the 
SWTL conductor or a combination of these tWo can be 
obtained. 

Deliberate Conversion to Radiating Mode at the Adapter: 
In addition to adapters Which convert to balanced, coaxial, 
micro-strip, co-planar Waveguide. ?n-line, Waveguide or 
other common types of transmission line, some alternative 
embodiments tailored for use in speci?c applications may 
include an antenna to convert directly to radiated poWer 62 
(FIGS. 9A and 9B). In addition to direct radiation from the 
mode converter that has already been mentioned, there are a 
many Ways to accomplish radiation from the adapter. 

FIG. 9B depicts an SWTL system used to feed an antenna 
system. The adapter 12 couples the mode converter interface 
type and mode converter impedance to the interface type and 
impedance of art antenna element 60. Antenna impedance 
may be such that no adapter is required to couple e?iciently to 
a single SWTL as in FIG. 9A or art adapter may be used to 








